We have used multiple-regression methods to calibrate new, pressure-independent empirical chemometric equations to calculate the major element composition of basanitic to rhyolitic melts in equilibrium with calcic amphibole. The equations are based on amphibole stoichiometric formula components ± temperature from published experimental P-T-X data and avoid some problems of previous studies associated with uncertainties in pressure determination. Compared with the pressuredependent equations of Ridolfi and Renzulli (2012) , tests run using an independent data set indicate that the new equations yield improved precision and accuracy, in particular for SiO 2 , TiO 2 , CaO, and K 2 O. The results are only marginally more precise when temperature is used as a dependent variable, demonstrating that temperature has a relatively minor role in controlling amphibole crystal chemistry compared with melt composition. This allows us to accept a small decrease in precision in excluding temperature from the analysis, which is very convenient for application of the equations to natural amphiboles where temperature is typically unknown.
ity range, amphibole has long been used for thermobarometry (e.g., Anderson and Smith 1995; Blundy and Cashman 2008; Blundy and Holland 1990; Ernst and Liu 1998; Hammarstrom and Zen 1986; Holland and Blundy 1994; Hollister et al. 1987; Krawczynski et al. 2012; Molina et al. 2015; Putirka 2008 Putirka , 2016 Ridolfi and Renzulli 2012; Ridolfi et al. 2010; Schmidt 1992) . To begin with, amphibole-related barometers were mainly based on the presence of a low-variance equilibrium assemblage. For example, the Al-in-hornblende barometer requires the assemblage quartz + K-feldspar + plagioclase + hornblende + biotite + Fe-Ti oxides + titanite + melt + fluid (e.g., Anderson and Smith 1995; Hammarstrom and Zen 1986; Hollister et al. 1987 ). More recently, empirical amphibole-only thermobarometers have been produced (Ridolfi and Renzulli 2012; Ridolfi et al. 2010) , but application of these barometers is limited by large offsets (e.g., up to 1100 MPa) between predicted pressure and experimental pressure (e.g., Erdmann et al. 2014; Putirka 2016; Shane and Smith 2013) . This suggests that amphibole crystal chemistry is more sensitive to temperature and melt composition than to pressure (Putirka 2016) .
The same empirical thermobarometric formulations have been used to describe the links between amphibole crystal chemistry and anhydrous melt major element composition, using chemometric equations (Ridolfi and Renzulli 2012; see Eqs. 5-11 therein) . These (pressure-dependent) empirical relationships enable melt SiO 2 , TiO 2 , Al 2 O 3 , FeO, MgO, CaO, and K 2 O contents to be calculated from knowledge of amphibole major element formula proportions and pressure. However, for natural igneous amphiboles, pressure is rarely known independently, and given the uncertainty in pressures estimated from amphibole-only barometer models (e.g., Ridolfi and Renzulli 2012) this could cause large uncertainties in the inferred melt compositions. Furthermore, although Erdmann et al. (2014) demonstrate that the model of Ridolfi and Renzulli (2012) yields reasonable melt SiO 2 content estimates for calcic amphiboles crystallized from experimental melts with 55-75 wt% SiO 2 content, for calcic amphiboles crystallized from more mafic melts, melt SiO 2 is overestimated by up to 15 wt% (see below). Similar issues also exist in calculating melt TiO 2 , FeO, CaO, and K 2 O contents. Finally, although magma temperature is somewhat easier to determine petrologically than pressure, temperature is also typically an unknown so we would ideally want to reconstruct melt composition in the absence of both temperature and pressure terms.
In this study, we have compiled an expanded data set of previously published experimental studies that crystallized amphibole. Using multiple regression analysis, we then re-examine the compositional relationships between amphibole and melt, and generate new chemometric equations with improved accuracy for SiO 2 , TiO 2 , FeO, CaO, and K 2 O, compared with Ridolfi and Renzulli (2012) . The accuracy of our chemometric equations is tested using a second, independent experimental data set. Importantly, our formulations are independent of pressure and we propose models both with and without temperature terms. This brings significant advantages in application of the equations to natural systems. We apply the new equations to infer melt compositions coexisting with amphiboles erupted in the Ongatiti ignimbrite, Taupo Volcanic Zone, New Zealand, and with plutonic amphiboles preserved in xenoliths erupted from Grenada, Lesser Antilles.
SeleCting P-T-X data FroM literature
Experimental data from the Library of Experimental Phase Relations (LEPR) database (Hirschmann et al. 2008 ) and other studies were considered. We first split the data into two groups (Figs. 1a and 1c): one group for calibration (n = 130, Table  1 1); and one group for test (n = 74, Table  1 1). The split of the experimental data from different references is random, and the two groups cover the same range of experimental P-T run conditions, melt compositions and the crystal chemistry of the experimentally produced amphiboles (except that the test group lacks kaersutite), demonstrating good representativeness of the test group. The calibration group also overlaps those data sets used in the previous studies of Ridolfi and Renzulli (2012) and Erdmann et al. (2014) (Table  1 1) , whereas none of the data from the test group were used in these studies. Therefore, the test group can also be used as a direct, independent test of results of Ridolfi and Renzulli (2012) . We applied two criteria to filter the data (see below): (1) the amphibole compositions must be calcic according to International Mineralogical Association (IMA; Hawthorne et al. 2012 ); (2) there must be amphibole-melt equilibrium as tested using the Fe-Mg exchange coefficient.
First, all the selected amphibole compositional data from the literature were recalculated from wt% oxide to formula proportions (atoms per formula unit, apfu), following the amphibole stoichiometry calculation procedure recommended by IMA (Leake et al. 1997) . Si, Al, Ti, Cr, Fe, Mn, and Mg were allocated to the tetrahedral (T) and small octahedral (M1-3) sites and Fe
3+
and Fe 2+ proportions were determined separately by charge balance, taking the approach of "average Fe " as described by Schumacher (1997) . This is important because the details of the ferric-ferrous calculations can affect other formula components, including Na M4 and thus A-site totals. Ca, Na, and K were allocated to the large octahedral (M4) and vacant/partially filled (A) sites. Any amphiboles classified as non-calcic (Ca M4 < 1.5 apfu) were discarded. The remaining calcic amphiboles are classified as edenite-pargasite (Parg), hastingsite-magnesiohastingsite (MgHst), kaersutite-ferrokaersutite (Kaer), tschermakite-ferrotschermakite (Tsch), and magnesiohornblende (MgHbl) following Leake et al. (1997) (Table  1 1 ; Fig. 2 ). Amphiboles that failed to meet the standard of stoichiometry calculation of calcic amphibole were also discarded at this point.
Second, following Putirka (2016) , we employed the Fe-Mg exchange coefficient K D (Fe-Mg) Amph-melt (simply K D ) to test whether equilibrium was achieved between amphiboles and coexisting melts during the experiments. K D , expressed as:
(where FeOt is total Fe as FeO). K D is independent of temperature, pressure, and co-crystallizing mineral phases (Putirka 2016) . Following Putirka (2016), we consider K D values in the range of 0.28 ± 0.11 as an indication of equilibrium. Any experimentally produced amphibole and melt compositions that fell outside this range were removed from the data set (Fig. 3) ; we note that the samples that failed to meet this test for equilibrium did not fall into any particular range of experimental P-T conditions or melt chemistry (Fig. 1) .
CalCiC aMphibole CryStalliZation ConditionS
The resultant data set of experimental calcic amphiboles shows wide compositional variability (5.7 < Si T < 7.0; 0 < Ti M1-3 < 0.8; 0 < [Na+K] A < 1.0) over the range of experimental conditions (Fig. 2) . The experimental data set generally represents amphibole crystallization conditions in an evolving magmatic environment, from hot, mafic melt (950-1100 °C, ca. 40-60 wt% SiO 2 ) to cooler, felsic melt (800-950 °C, ca. 60-78 wt% SiO 2 ) (Figs. 1c-1d ). Exceptions to this trend are present as outliers, for example the crystallization of MgHbl from rhyolitic melts at temperatures up to 1050 °C (Sisson 1994) (Fig. 1d) . We did not examine the effect of variations in melt H 2 O concentration or oxygen fugacity in this study. At low pressure, the crystallization of calcic amphiboles occurs over a large temperature range (750-1050 °C) while at high-pressure conditions (2-2.5 GPa) this range narrows and calcic amphiboles are linked to the highest temperatures (1050-1100 °C; Fig. 1b ). This limitation is not unique to our data set and was recognized by Ridolfi and Renzulli (2012) . To some extent this range of conditions may reflect the stability of calcic amphiboles and the liquid line of descent of evolving magmas (Ridolfi and Renzulli 2012; Ridolfi et al. 2010 ), but may also simply represent the conditions of interest for recent experimental studies.
The crystallization conditions of individual amphibole species are shown in Figure 1b (pressure and temperature) and Figure 4 (melt chemistry). Parg and MgHst dominate in the hottest, most mafic melts, while MgHbl is found only in cooler, more silicic melts (typically >70 wt% SiO 2 ). Kaer crystallizes from melts with similar SiO 2 and Al 2 O 3 contents to those MgHst-bearing melts, but with higher TiO 2 and lower CaO and MgO contents (Fig. 4) . The compiled data set also demonstrates that MgHst, MgHbl, and Tsch can all crystallize at the same pressure (e.g., 200 MPa; Fig. 1b) . The poor correlation between pressure and amphibole tetrahedral Si and Al content (Si T and Al T , respectively) demonstrates the weak control by pressure on amphibole crystal chemistry (Putirka 2016) ; in contrast, amphibole Si T is strongly correlated with melt SiO 2 and TiO 2 contents (e.g., Fig.  1f ), and intermediately correlated with temperature ( Fig. 1e) , suggesting that melt compositions and temperature are more important controlling factors to amphibole compositions than pressure. The stronger correlation of amphibole Si T against melt SiO 2 content than against temperature also indicates that melt chemistry is probably more important than temperature in controlling amphibole crystal chemistry (Putirka 2016) .
Multiple regreSSion analySiS
To investigate the relationships between melt major element compositions and amphibole crystal chemistry and temperature, we carried out a multiple regression (MR) analysis using the statistical software package R (R Core team 2013). The MR analysis allows the values of dependent variables to be predicted based on multiple input parameters (independent variables). The SiO 2 , TiO 2 , Al 2 O 3 , FeO, MgO, CaO, and K 2 O contents in the melt, normalized to 100% anhydrous, are treated as dependent variables. We initially inspected the entire calibration data set and noticed that melt TiO 2 , FeO, MgO, CaO all showed curving relationships with amphibole formula components; therefore we decided to use the natural logarithms of the concentration (e.g., lnTiO 2 , melt) as dependent variables. Failure to do this may yield negative calibration results at low concentrations. Similarly, for melt SiO 2 we identified a curving relationship with Si T (amph) and therefore used ln(Si T ) as an independent variable for regression against melt SiO 2 . For independent variables, we tested both amphibole-only and amphibole+T approaches, to decipher the significance of temperature in controlling amphibole crystal chemistry. The MR analyses were performed independently of pressure. Rather than using total formula proportions unassigned to different crystallographic sites (Ridolfi and Renzulli 2012) , as independent compositional variables we used the stoichiometric components, including tetrahedral-site Si (Si T ), M1-3-site Al (Al VI ), Fe 3+ , Mg, Ti, Fe 2+ , M4-site Ca (Ca M4 ), and A-site Na (Na A ). We also tested regressions using Fe T instead of ferric and ferrous components because of the uncertainties associated with calculation of Fe 3+ and Fe 2+ (Schumacher 1997) , although with only one exception this did not appear as a significant parameter. Tetrahedral-site Al (Al T ), which has commonly been treated as one of the key parameters in previous amphibole thermobarometry studies, was avoided as an independent variable, to avoid the issue of multicollinearity. This is because amphibole SiO 2 or Si T are strongly correlated with melt SiO 2 content (e.g., Fig.  1f ), and the stoichiometric calculation method uses Al T to fill the tetrahedral site after accommodation of all available Si (Si T + Al T = 8 apfu), with excess Al assigned to the octahedral sites (M1-3). We also did not consider Na M4 , for a similar reason (Ca+Na = 2 apfu in M4, with excess Na assigned to the A site). We did not consider M1-3 site Cr and Mn, and A-site K, due to their minor abundances in amphibole and thus high relative analytical uncertainties.
The output of each MR analysis is given as the intercept and coefficients of the nominated independent variables, on which basis a multiple regression function can be derived (Table 2) . For example, Equation 1 used for calculating the SiO 2 content in the melt is written as:
SiO 2 (wt%) = -228.000 + 0.0107T + 165.000 lnSi -7.2190Mg
(1)
Evaluation of each function was done based on the coefficient of determination (R 2 ), standard error of the estimate (SE), number of objects/observations (N), and confidence of the coefficients for each independent variable and constant (p-value). A correlation that we deem to be statistically significant is reflected by N ≥ 30, R 2 ≥ 0.6 and p-value of each determined coefficient <0.01. In preference, we chose equations with fewer variables as this reduces the propagated analytical uncertainty in applying the regressions to natural data. In Table 2 , we use the normal font to denote that the p-values of the MR-derived independent variables and the constants are <0.01 (>99% confidence), the bold font to denote that the p-values of the corresponding independent variable/constant are in the range 0.01-0.05 (97-99% confidence). The MR analysis was performed following a trial-and-error procedure: all independent variables mentioned above were initially included in the MR analyses, then those with highest p-value >0.01 were progressively removed until all the remaining independent variables and constants are statistically significant (mostly p-value <<0.01 in our calibrations).
We use the standard error of estimate (SE) to denote the precision of chemometric equations derived from MR analyses (Table 2 ). This is done by comparison of the predicted and measured data from the calibration data set. To test the accuracy of the results, we applied the MR-derived equations to amphiboles from the test data set to predict the compositions of their coexisting melts. Equivalent statistical parameters calculated for comparison of the test group with experimental melt compositions are denoted using lower case (e.g., r 2 , se; 
reSultS
The major element compositions of the experimental melts can, in general, be linked with amphibole formula components ± experimental run temperature with robust R 2 (typically ≥0.70) and reasonable precision (SE) and accuracy (se) ( Table 2) . In many cases, no statistically robust T-dependent parameterization could be found. Otherwise, as expected, the addition of temperature as an independent variable slightly improves the precision of the MR equations, as revealed by decreasing SE and se, compared to those without including temperature as an independent variable (e.g., decrease of SE from 0.66 to 0.62 in the prediction of lnTiO 2 , Eqs. 5-6 in Table 2 ).
Moreover, our MR analyses results demonstrate the variable significance of amphibole major element formula proportions as the independent variables. Agreement of predicted melt compositions of our calibration and test groups with experimental melt compositions is improved compared to the study of Ridolfi and Renzulli (2012) , which uses the total formula proportions of the major elements unassigned to different crystallographic sites, e.g., Al total instead of Al T and Al VI , Fe total instead of Fe 2+ and Fe 3+ , Na total instead of Na M4 and Na A (see greater details below). Melt SiO 2 content can be predicted robustly with two main groups of independent variables: lnSi + Al VI + Fe 3+ + Fe 2+ + Ti + Ca ± Na A ± Mg (refer to Eqs. 1 and 2 in Table 2) and lnSi + Mg ± T (refer to Eqs. 3 and 4 in Table 2 ).
The melt SiO 2 contents of the test data are reproduced very well with R 2 ≥ 0.78 (Fig. 6a) , but in particular, the new equations are able to reproduce experimental melts with low SiO 2 contents [<55 wt%, data from Green (1994, 2006) , Adam et al. (1993) , Dalpé and Baker (2000) , and Fujinawa and Green (1997) ], which failed to be reproduced with the equations of Ridolfi and Renzulli (2012) (Fig. 6a) . One temperaturedependent equation was produced for Si and this brings only marginal increased precision and accuracy (Eq. 3 in Table 2 ).
The natural logarithm of melt TiO 2 content can also be predicted robustly with the following group of independent variables: Si + Al VI + Fe 3+ + Fe 2+ + Ca + Na A ± T (refer to Eqs. 5-6 in Table 2 ).
In general, the calibration results and test results are in excellent agreement with experimental melt TiO 2 content (R 2 > 0.8, Fig. 6b ). The standard error is significantly smaller for the test population of data points and this is probably because of the more limited compositional range of amphiboles in this data set (see Table  1 1). As for SiO 2 , our equations also manage to reproduce the TiO 2 content of both calibration and test data points from the experiments with low-melt SiO 2 content, where the equation of Ridolfi and Renzulli (2012) generates a large offset (cluster of points at ~2 wt% TiO 2 , Fig. 6b) .
The natural logarithm of melt FeO content can be predicted with two different groups of independent variables: Si + Al VI + Fe 3+ + Fe 2+ + Ti + Ca (Mg-absent group; refer to Eq. 7 in Table 2) and Si + Mg + Ca. (refer to Eq. 8 in Table 2) The calibrations are less robust than those for SiO 2 and TiO 2 (R 2 ~ 0.70) and no robust temperature-dependent regression Comparison between experimental and predicted melt compositions for the calibration group (blue) and test group (red) using equations from Table 2 , and results calculated using the chemometric equations (open circles) of Ridolfi and Renzulli (2012) . The multiple regression analysis can reproduce the melt major element compositions with better accuracy than the model of Ridolfi and Renzulli (2012) was identified. The overall accuracy of our FeO calibrations is similar to that of Ridolfi and Renzulli (2012) , but with similar improvements in accuracy for melts with high-FeO content (Fig. 6c) , as for SiO 2 and TiO 2 (above).
Pressure is a very significant independent variable in the model of Ridolfi and Renzulli (2012) for melt MgO content (Fig. 5) . At pressures >1 GPa [as calculated by the barometer model of Ridolfi and Renzulli (2012) ], the predicted melt MgO is exponentially controlled by pressure, leading to drastic overestimation of melt MgO (Fig. 5) . Even when the calculated pressure is <1 GPa and in good agreement with the experimental pressure, their calibration still generates significant scatter to high predicted melt MgO content (Figs. 5 and 6d) . In contrast, the results of our MR analyses suggest that the natural logarithm of melt MgO content can be predicted robustly with the independent variables Si + Al VI + Mg (Eq. 9 in Table 2 ; Fig. 6d) , although, as for FeO, no robust T-dependent regression was identified. This small number of independent variables is in contrast with the model of Ridolfi and Renzulli (2012) , which uses all amphibole major elements and pressure as independent variables. Our P-absent MgO predictions are very similar to those of Ridolfi for melts with MgO < 2 wt% but appear to be in much greater agreement with both calibration and test data for melts with higher MgO contents (R 2 = 0.80) than those of RR2012 (Fig. 6d ). For pressures >1 GPa, as calculated using the barometer of Ridolfi and Renzulli (2012) , their equation for predicting melt CaO content produces a significant proportion of negative melt CaO contents. Our calibrations significantly improve the accuracy of predicted melt CaO content, particularly for more primitive melts and those at higher pressures (e.g., R 2 = 0.71, Eq. 11 in Table 2 ; Fig. 6e ). We derive two groups of calibrations using CaO content and lnCaO, respectively; both groups are related to Si + Mg ± Al VI ± Na A (Eqs. 10 and 11 in Table 2 Fig. 6e ). The equation of Ridolfi and Renzulli (2012) for predicting melt K 2 O content fails to reproduce the test and calibration data points from the low-melt SiO 2 content experiments, as for other elements (above), leading to significant overestimation of melt K 2 O for these compositions (Fig. 6f) . In comparison, our calibrations give significant improvements in precision and accuracy for K 2 O content in the experimental melts (R 2 = 0.630; SE = 0.59 wt%; se = 0.78 wt%; Eq. 12 in Table 2 , Fig. 6f ), using Si + Al VI + Mg + Fe 3+ + Fe 2+ + Ti + Ca + Na A . We also retrieved a robust regression using the parameter set Si+ Fe T + Ti + Ca (Eq. 13 although this has significantly lower predictive power (R 2 = 0.43, Table 2 ). However, our Equation 12 (Table 2 ) still tends to underestimate melt K 2 O at higher melt K 2 O contents (>3.0 wt%), with a small subset of otherwise apparently typical data plotting at anomalously low predicted melt K 2 O (Fig. 6f) .
For prediction of melt Al 2 O 3 content, our best calibration is achieved using Al VI + Mg + Fe 3+ + Ti + Na A (Eq. 14 in Table 2 ). However, our calibration performs similarly to that of Ridolfi and Renzulli (2012) (R 2 = 0.59, SE = 0.93 wt%, Fig. 6g ). We did not find any robust regressions with an acceptable R 2 for melt Na 2 O content; this finding is consistent with Ridolfi and Renzulli (2012) and we therefore do not attempt to predict melt Na 2 O. We speculate that this lack of robust correlation could be due to problems with accurate electron microprobe analysis of Na in glass (Ridolfi and Renzulli 2012) , or may arise if variable crystallization of plagioclase from the host melts controls melt Na 2 O content.
The se values for the test data are generally larger than SE for the calibration data set, except for estimation of lnTiO 2 , lnFeO, and lnMgO. This is partly due to the smaller number of analyses in the test group (n = 74 compared with n = 130 for the calibration group) and likely also in part because the range of melt TiO 2 , FeO, and MgO of the test experiments is slightly smaller than the calibration experiment group (with a slightly different balance of amphibole species, Table 2 ). In general, the effect of excluding temperature as an independent variable appears to be minimal, with no loss in accuracy over temperature-dependent results. This is important because the absence of both temperature and pressure in our calibrations is a major advantage in applying our results to natural systems, in which they are typically unknown.
iMpliCationS
Here we present two case studies to demonstrate how our chemometric equations may be applied to both volcanic and plutonic amphiboles: amphiboles in pumice clasts from the Ongatiti ignimbrite of Mangakino volcano, and in plutonic nodules from Grenada lavas.
Applications to amphiboles from the Ongatiti ignimbrite
Background. The Ongatiti ignimbrite was erupted from Mangakino volcano, Taupo volcanic zone, New Zealand, at around 1.2 Ma (Houghton et al. 1995) . The following summary is taken from the recent study of Cooper and Wilson (2014) . The ignimbrite represents a large (>500 km 3 dense rock equivalent) unzoned deposit of crystal-rich rhyodacite to rhyolite magma, containing 20-30% crystals of plagioclase, quartz, orthopyroxene, amphibole, Fe-Ti oxides, zircon, and apatite. Amphibole crystals from pumice clasts of the Ongatiti ignimbrite show variations in mineral textures coupled with varying chemical compositions. The majority of the amphiboles (83%) have resorbed, patchy zoned cores (Type B crystals), in contrast to Type A crystals, which are unzoned or only weakly zoned (Fig.  7) . Both Types have oscillatory zoned, relatively homogeneous rims with similar composition to the Type A cores (MgHbl, 1.20 < Al T < 1.42). Type B cores have heterogeneous major and trace element compositions (1.16 < Al T < 2.10, dominantly MgHst and MgHbl compositions with rare Tsch-Parg). The amphiboles coexist with homogeneous rhyolitic matrix glass (SiO 2 = 77.75-78.63 wt%; Table  1 3; Fig. 8 ). It is suggested that the resorbed Type B amphibole cores were sourced from chemically variable crystal mushes that were disaggregated and transported by a later melt replenishment event, and brought into a final shallow storage region, where additional amphibole crystallization occurred to form the Type A amphiboles and oscillatory zoned overgrowths (Cooper and Wilson 2014) . In the following analysis we first assess the degree to which our amphibole chemometric equations can reproduce the major element compositions of matrix glasses. We then apply our equations to infer the chemical compositions of the mush melts from which the Type B cores grew, prior to disaggregation and possible partial dissolution during transport to the melt-dominant body.
Testing for reproduction of equilibrium matrix glass compositions. The crystal rims of all amphiboles from Ongatiti are chemically homogeneous and textural evidence indicates that they are also in equilibrium with the matrix glass (Cooper and Wilson 2014) . We therefore focus on attempting to reconstruct the compositions of matrix glasses in equilibrium with the rims of amphiboles from selected pumice clasts (GC1, P2023, P2026, P2027, and P2184, see Table  1 3; Cooper and Wilson 2014) using the temperature-independent equations from Table 2. The resulting predicted melt compositions are given in Table  1 3 and plotted in Figure 8 . In general, the calculated melt compositions agree well with the measured matrix glass compositions, within the SE of the corresponding MR equations. Predicted Al 2 O 3 compositions are in less good agreement, systematically ~1.5 wt% higher than those of the measured matrix glass compositions. This is probably related to the overestimation of melt Al 2 O 3 with Equation 19 (Table 2) at low-melt Al 2 O 3 content (see Fig. 6g ). We note that the predicted melt CaO, MgO, and FeO concentrations are in very good agreement with the low-SiO 2 end of the spread of measured glass compositions. This could be explained if the amphibole equilibrated with the melt before minor microlite crystallization took place. Overall, the results demonstrate good reliability of our chemometric equations in predicting melt major element compositions and supports the conclusion derived by the study by Cooper and Wilson (2014) that the homogeneous rims of amphiboles are in equilibrium with the melts prior to the eruption.
Predicted melt compositions in equilibrium with amphibole cores. We now use our MR-derived chemometric equations to predict the compositions of melts in equilibrium with the cores of Type B amphiboles, which display complex patchy zoning texture and large compositional variations and were inferred to have formed in a chemically heterogeneous crystal mush (Cooper and Wilson 2014) . The results are plotted in Figure 8 and indicate that the cores of Ongatiti Type B amphiboles are nominally in equilibrium with melts spanning a large compositional range from ~63-80 wt% SiO 2 , 0.1-0.7 wt% TiO 2 , ~1-5 wt% FeO, and ~2-5 wt% K 2 O (Fig. 8) . The inferred melts form an array comprising two groups as a result of the presence of both MgHbl (with >44 wt% SiO 2 and <9 wt% Al 2 O 3 ) and MgHst (with <44 wt% SiO 2 and typically >10 wt% Al 2 O 3 ) within the Type B cores. Our key assumption is that each amphibole analysis remained in equilibrium with the melt from which it crystallized and therefore represents a snapshot of past melts that may no longer exist. However, some of the crystal cores show gradational variations in grayscale in BSE images (see Fig. 7b ) that could represent partial solid-state diffusive equilibration. Before making any petrogenetic interpretations about the inferred snapshot melt compositions we must therefore exclude the possibility that any significant Fe-Mg interdiffusion may be modifying the predicted melt compositions.
Intra-grain Fe-Mg diffusion could affect the validity of calculated melt compositions because both Mg M1-3 and Fe M1-3 may be present in the chemometric equations, and have different coefficients (see Table 2 ). At this stage, we exclude significant diffusion in other elements because, although very few diffusivity data for amphibole are currently available, comparison with olivine, clinopyroxene and orthopyroxene suggests that Fe-Mg interdiffusion is orders of magnitude quicker than for other elements (Allan et al. 2013 ). To quantify the potential variation in calculated melt compositions that might arise in response to Fe-Mg interdiffusion, we take two amphibole core compositions as examples (Fig. 8) . The initial compositions are a MgHst with 41.83 wt% SiO 2 , 11.62 wt% Al 2 O 3 , and molar Mg# 0.67, and a MgHbl with 44.65 wt% SiO 2 , 7.66 wt% Al 2 O 3 , and Mg# 0.57 (see Table 4 ). We then arbitrarily modify their Mg# within the observed range in the natural amphibole data set (0.90 to 0.10) and recalculate the predicted melts. The results are shown as vectors in Figure 8 . The diffusion-related variations fall close to the arrays of predicted melts for TiO 2 , CaO, K 2 O, and MgO (Figs.  8a, 8d , 8e, and 8f), but cut across the arrays for melt FeO and (Figs. 8b and 8c ). This suggests that Fe-Mg interdiffusion is not extensive among the Ongatiti amphiboles, otherwise the calculated melt compositions would show scattered variations in Fe and Al. Although some effect of minor Fe-Mg interdiffusion is possible within the uncertainties of the predicted melt compositions, it is clear that the full range of predicted melts far exceeds any apparent variability that could arise due to diffusion. We therefore take confidence in the calculated melt compositions inferred to have been in equilibrium with the amphibole cores. Cooper and Wilson (2014) concluded that the large compositional diversity in Ongatiti amphiboles is related to compositional variations in heterogeneous crystal mushes over a range of pressure-temperature conditions. Our analysis supports this hypothesis, and suggests that the MgHst amphibole cores crystallized from less evolved melts with 63-70 wt% SiO 2 and 2.5-5 wt% FeO. The patchy texture (Fig. 5 of Cooper and Wilson 2014) probably arises by partial dissolution during ascent with the replenishing magma (e.g., Humphreys et al. 2006a) and new MgHbl then starts to crystallize from the eventual melt, which has an initial composition of ~73 wt% SiO 2 and 2 wt% FeO. Further differentiation of the replenishing magma during shallow storage gives rise to increasingly silicic melts with >73 wt% SiO 2 (Fig. 8) .
Our analysis therefore suggests that the Mangakino crustal storage region hosted progressively differentiated melts of andesitic (~63 wt% SiO 2 ) to rhyolitic composition. Within uncertainty, there is an almost continuous spread of inferred compositions and no significant compositional gap; however the compositions of the predicted melts are bimodal in abundance (Fig. 8) . Our inferred melts are consistent with the compositions of a global data set of arc melt inclusions, but represent melts that are rarely sampled in the melt inclusion record (60-70 wt% SiO 2 , Reubi and Blundy 2009 ). This interpretation is interesting because it is in contrast with a wealth of previous studies that suggested that andesites are largely a result of mixing between mafic and silicic magmas, combined with mechanical incorporation of a crystal load (e.g., Eichelberger et al. 2006; Humphreys et al. 2006a; Reubi and Blundy 2009 ). However, the andesitic melts in the Mangakino volcanic plumbing system are probably short-lived and are not sampled by eruption at the surface. Without further textural information linked explicitly to measured amphibole compositions we cannot comment further on the likely spatial or temporal distribution of the varying melt compositions within the heterogeneous crystal mush beneath Mangakino volcano. However, this approach seems worthy of further investigation as an alternative means to examine the nature of crustal storage and melt differentiation in arcs.
Applications to amphiboles in plutonic xenoliths from Grenada
Our second case study for application of the new chemometric equations is that of the abundant plutonic xenoliths erupted in lavas from Grenada, Lesser Antilles, as described by Stamper et al. (2014) and summarized below. The xenoliths are dominated by mafic minerals, including amphibole, and their bulk compositions are consistent with a cumulate origin. The origin of the xenoliths has been studied experimentally and using MELTS modeling, and interpreted as the progressive crystallization sequence ol + sp, + cpx, + hbl, + plag, forming under hydrous conditions at 200-500 MPa, and with relatively small variations in host melt chemistry and temperature. The existence of robust independent experimental and modeling results for these cumulate rocks (Stamper et al. 2014) gives us a valuable opportunity to evaluate the applicability of our chemometric equations to plutonic amphiboles. Amphiboles are abundant in the majority of the xenoliths and in the andesitic host lavas, and most of the major element analyses indicate MgHst compositions, with occasional presence of Tsch and Parg (Stamper et al. 2014) . Texturally, amphiboles in the xenoliths are present either as poikilitic interstitial crystals with inclusions of olivine, clinopyroxene, spinel and plagioclase, or as euhedral and equant crystals. Both types of amphiboles can be found in the amphibole-bearing cumulate nodules and lavas. To quantify the melt compositions that were in equilibrium with the cumulate crystals, we used published amphibole analyses from the xenoliths studied by Stamper et al. (2014) and calculated their corresponding melt compositions. The samples include clinopyroxenites (GRN17, GRN24, GR17, GR29, GR5-1), hornblendites (GR15, GR25, GR11, GR52), hornblende gabbro (GRN6, GRN 21, GRN5), as well as one non-cumulate hornblende gabbro (GR42). The results are all included in the Appendix 1 Table 1 . Although the ranges are overlapping, the results show a general trend of increasing calculated melt SiO 2 contents from the more evolved cumulates, with the non-cumulate gabbro yielding the highest melt SiO 2 (Fig. 9a) . Amphiboles in clinopyroxenite give calculated melts with 52-60 wt% SiO 2 and 2.2-6.1 wt% MgO; amphiboles from the hornblendites give calculated melts with 52.9-62.6 wt% SiO 2 and 1.5-7.0 wt% MgO; amphiboles from the cumulate gabbros give calculated melts with 54.3-63.1 wt% SiO 2 and 1.8-4.3 wt% MgO; and the non-cumulate gabbro gives calculated melts with 58.1-70.8 wt% SiO 2 and 0.6-2.9 wt% MgO (Fig. 9f) . Each individual sample occupies a part of these overall arrays. As with Ongatiti, the extent of any possible diffusive re-equilibration is probably small because Fe-Mg interdiffusion modeling results, displayed as vectors in Figure 8 , are inconsistent with variation trends of the predicted melt Al 2 O 3 and FeO compositions. In comparison with melts calculated using the formulations of Ridolfi and Renzulli (2012) , our compositions span a similar range of SiO 2 but with significantly higher and less scattered CaO (Fig. 9g) , and slightly lower FeO (Fig. 9e) . Inferred MgO concentrations cannot be compared easily due to the use of the pressure term for RR2012, which performs poorly (see Stamper et al. 2014 and Fig. 9f ). This emphasizes the advantage of our study in using pressure-independent (and temperature-independent) equations for melt chemistry. For TiO 2 , the majority of the melts calculated using RR2012 fall on a steeper gradient with respect to SiO 2 , compared with those calculated using our equations (Fig. 9c) . Some of our calculated melts are offset to higher TiO 2 ; this is a result of slight differences in TiO 2 concentration in the raw amphibole analyses. A larger subset of the melts calculated using RR2012 have similarly high TiO 2 , but these are not obviously linked to any compositional signature except those amphiboles with lower SiO 2 (Fig. 9c) .
In general, the calculated melt compositions are also broadly in agreement with the (strongly scattered) compositions of clinopyroxene-hosted melt inclusions measured by Stamper et al. (2014) (Fig. 9) . In particular, the melts inferred from amphibole in the non-cumulate hornblende gabbro agree very well with the most evolved pyroxene-hosted melt inclusion, from a (different) non-cumulate gabbro (Stamper et al. 2014; Figs. 9b-9h) . The predicted melt compositions are also similar to the compositions of C-series lavas, and consistent with low-pressure fractionation trend derived from MELTS modeling (Stamper et al. 2014 ; see Fig. 22 therein; Fig. 9b ). These observations all indicate that our chemometric equations are able to make reliable predictions of melt chemistry from amphibole major element compositions. ◄Figure 9. (a) Melt compositions inferred from amphibole in clinopyroxenite, hornblendite, and hornblende gabbro cumulate xenoliths from Grenada, as well as noncumulate hornblende gabbro (data from Stamper et al. 2014) . Curves in b illustrate the results of MELTS modeling with a range of pressure input (from Stamper et al. 2014) . The variations of the predicted melt CaO content and MgO content are consistent with low-to moderate-pressure fractionation. As with melt prediction results of Ongatiti amphiboles, the predicted MgO and SiO 2 in melts in equilibrium with amphiboles in Grenada cumulates and the non-cumulate gabbro also plot within the compositional array of global melt inclusions (Reubi and Blundy 2009 (Stamper et al. 2014) . The melt compositions predicted using Ridolfi and Renzulli (2012) Our predicted MgO concentrations project back toward the parental melts required to form the clinopyroxenite-hornblenditehornblende gabbro assemblages [ Fig. 9f; i.e., 47.5-51.3 wt% SiO 2 and 4.4-9.7 wt% MgO based on previous experimental studies, Stamper et al. (2014) ]. These source melts are more mafic than our predicted melt compositions and the majority of the measured melt inclusions hosted in cumulate mineral phases (Stamper et al. 2014) . We propose two possible reasons to explain this offset as follows. First, the large spread in our predicted melt compositions, and the melt inclusions, may reflect in situ melt evolution during protracted crystallization of the cumulate mineral phases. This progressive in situ fractionation can result in continuous and progressive changes to the residual interstitial melt hosted in the cumulate, and therefore formation of new interstitial phases and strongly zoned mineral overgrowths. Chemometric inversions using those zoned minerals would predict an array of melt compositions for each sample, as observed in our data set. Unfortunately, there is insufficient detail about the textural locations of each amphibole analysis from Stamper et al. (2014) to test this rigorously. Second, the appearance of mineral phases in the plutonic xenoliths follows the sequence olivine, clinopyroxene, amphibole and plagioclase with decreasing temperature (Stamper et al. 2014) . In contrast, our chemometric equations can only predict melt compositions that coexisted with amphibole, so we invariably miss an early part of this liquid line of descent. We would therefore expect the most primitive melts, i.e., those present during formation of the wehrlite cumulates and those from the earlier stages of formation of the clinopyroxenite and hornblendite cumulates, to be absent from our results. However, overall our results indicate the differentiation of mafic to intermediate magmas within the crust under Grenada.
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